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Temporal and Spatial Distribution of DNA Topoisomerase |l Alters During
Proliferation, Differentiation, and Apoptosis in HL-60 Cells

By Koichi Sugimoto, Konagi Yamada, Motoki Egashira, Yoshio Yazaki, Hisamaru Hirai, Akihiko Kikuchi,
and Kazuo Oshimi

We related cellular content of DNA topoisomerase (topo) lla
and lIg with the cell cycle position in proliferating, differenti-
ated, and apoptotic HL-60 cells using two-dimensional flow
cytometry. In logarithmically growing HL-60 cells, topo ll«
increased especially in late S to G2/M phases, although the
topo lIB level was almost constant throughout the cell cycle.
Induction of differentiation by all-trans retinoic acid dramati-
cally reduced the topo lla but not the topo I level. A new
G2/M population containing virtually no topo lle appeared
during differentiation and was supposed to be alive and
noncycling. Two-dimensional flow cytometry of topo lla or
I staining and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling assay showed that
one topo lIB epitope situated at the C-terminal end de-
creased specifically in apoptotic HL-60 cells treated with
Ara-C, etoposide, and vincristine. The amounts of a topo lla
epitope and another topo I|IB epitope located at a more

nonapoptotic cells. Western blot analysis confirmed that
topo I protein was completely degraded into smaller
fragments and lost its C-terminal end during apoptosis. On
the contrary, a large portion of topo lla remained of its
original size, although both topo lla and IIg left from the
nuclear fraction in apoptotic cells. Confocal laser microscopy
showed nuclear localization of topo lla and II in growing
HL-60 cells. Although topo lla and I were distributed
throughout the cell during mitosis, only topo lla was densely
concentrated in the mitotic chromosomes. Both enzymes
were dissociated from the genomic DNA even at an early
phase of apoptosis and completely separated from the
propidium iodide signal of DNA in the advanced stage.
Chromatin condensation process in apoptosis is therefore
completely topo ll-independent and obviously differs from
the mitotic one.
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central portion were almost equal between apoptotic and

NA TOPOISOMERASE Il (topo Il) catalyzes the local that stimulate cell cycle progressiéi¥*Apoptosis begins with

changes in DNA topology by passing a double-strandedcondensation of nuclear chromatin at the nuclear periphery
DNA helix through a transient double-strand break site and therfollowed by blebbing of the nuclear and cytoplasmic mem-
rejoining the strand breal? Conditional yeast mutants in the branes and culminates in the fragmentation of residual nuclear
top2 gene showed that this enzymatic activity is required forstructures into discrete apoptotic bodf&s® Although the
segregation of daughter chromosomes during anaghBie. regulation of apoptosis is complex, substantial evidence indi-
chemical studies usin§enopusegg extracts showed that topo cates that interleukingi-converting enzyme (ICE)-like prote-
Il is essential for the condensation of interphase chromatin intcases play a central role in this procés’ Several nuclear
metaphase chromosonte$reatment of mammalian cells with proteins essential for DNA metabolism are specifically de-
ICRF-193, which inhibits topo Il activity without causing DNA graded by the action of the ICE-like proteases during apoptosis.
damage, also leads to incomplete chromosomal condensatiobhese include poly (ADP-ribose) polymerase (PARP), nuclear
and segregation, resulting in polyploidffopo Il is the direct ~ lamins, DNA-dependent protein kinase catalytic subunit (DNA-
target of certain classes of antitumor agents. Etoposide anBK cs), DNA topo | and I, NUMA, and RNA polymerase |
doxorubicin interact with topo I1 to inhibit the religation step of Upstream binding factor UB#:3>
the enzyme, thereby stabilizing cleavable enzyme-DNA com- In this study, we showed a dramatic increase of topablt
plexes that lead to DNA double-strand breaks and eventually t&'0t topo IB content in late S to G2/M phases in logarithmically
cell deatlf Gene rearrangement in the MLL gene at chromo-9rowing HL-60 cells using two-dimensional flow cytometry.
some 1123 is frequently observed in chemotherapy-associatdduring differentiation, the majority of the HL-60 cells were
leukemias’® The break cluster region in this gene has been
shown to coincide with the DNA cleavage sites specifically
induced by topo Il inhibitors in viv8:1°Although only one topo
Il is known in yeasts an@®rosophila,two isozymes of topo Il
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confined to G1/GO position and simultaneously a new cellof PBS containing 5 pg/mL of propidium iodide (PI) and 200 pg/mL of
population emerged that contained tetraploid DNA and almosfRNase A (both from Sigma). Flow cytometry was performed on a
no topo Ik protein. Two-dimensional flow cytometry combin- CYTRON ABSOLUTE flow cytometer (Ortho). The orange (PI) and
ing topo lla or IIB staining with terminal deoxynucleotidyl green (fluorescein isothiocyanate [FITC]) fluorescence emissions from

transferase (TdT)-mediated dUTP-biotin nick end-labeling each cell were separated and measured using the standard optics of the

TUNEL dad facC inal b CYTRON ABSOLUTE. The data from % 10* cells were collected,
( ) assay suggested a decrease of a C-terminal but not éored, and analyzed. The signal of green fluorescence was measured

more central epitope of topof@lin apoptotic HL-60 cells.  ysing finear amplification for topo & and I8 staining and using
Western blot analysis and immunostaining showed that bothogarithmic amplification for the TUNEL assay.
topo lle and 113 were rapidly dissociated from the chromatinin ~ Two-dimensional flow cytometry of immunostaining and TUNEL
apoptotic HL-60 cells, although only topd3liwas extensively  assay. After performing the TUNEL assay protocol described above,
degraded during apoptosis. cells were rinsed twice in PBS containing 0.1% Triton X-100 and then
resuspended in PBS/3% milk solution containing the primary antibody,
8D2 or 5A7. Thereafter, cells were stained with the same procedure for
MATERIALS AND METHODS indirect immunostaining except that 1:50 dilution of phycoerythrin
(PE)-conjugated goat-antimouse IgG (BioSource, Camarillo, CA) was
used as a secondary antibody and that PI staining at the final step was
omitted. In this case, topodland I3 signals of orange fluorescence
were measured using linear amplification and the green fluorescence of
TUNEL assay using logarithmic amplification.

Western blot analysis. Harvested cells were washed once with PBS
and suspended in ice-cold buffer 1 (10 mmol/L HEPES, pH 7.9, 10
mmol/L KCI, 1 mmol/L EDTA, 1 mmol/L dithiothreitol [DTT], 0.05%
Triton X-100, and 1 mmol/L phenylmethylsulfonyl fluoride [PMSF]) at
the concentration of X 107 cells/mL. The suspension was kept on ice
for 20 minutes, vortexed vigorously for 10 seconds to be lysed, and then
spun down at 1,0ap for 4 minutes at 4°C. The supernatant was
recovered as a cytoplasmic fraction. The nuclear pellet was resuspended
in the same volume of ice-cold nuclear extraction buffer 2 (20 mmol/L
HEPES, pH 7.9, 400 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT,
and 1 mmol/L PMSF), rocked on ice for 30 minutes, and centrifuged at
13,00@ for 10 minutes at 4°C. The supernatant was recovered as a
nuclear fraction. In every experiment in this study, the nuclear remnant
0 ) . was confirmed to contain essentially no topo Il proteins by immunoblot-

. Cell flxathn. In brief, 1 x 10 cells were harvested by centrlfu_ga- ting. Cytoplasmic and nuclear fractions derived from 30 cells were

tion for 8 minutes at room temperature at_ QOQ/ashed once with _separated on a 7% polyacrylamide gel. Imnmunoblotting was performed
phosphate-buffered sa!me (PBS)_’ and then f'Xe‘? In :_L% formaldehyde N5 described previouskusing a 1:200 dilution of 8D2, 5A7, and 3G3.
PBS (pH 7.4) for 15 minutes on ice. After washing in PBS, cells were ns 5 second antibody, alkaline phosphatase-conjugated antimouse Ig
resuspended in 70% cole-0°C) ethanol and immediately transferred (ProMega, Madison, WI) was used at the dilution of 1:5,000.

to the freezer. The cells were stored-a20°C for 1 day before being Confocal laser microscopy.The cells immunostained for flow

subject to the indirect immunofluorescence or TUNEL assay. cytometric analysis were rinsed in PBS containing 0.1% Triton X-100.

) Indirect _immunofluorescence.(?ez.lls were W_""Shed twice in P_BS’ An aliquot of the cells was resuspended in 200 pL of PBS containing
incubated in 100 pL of PBS containing 0.1% Triton X-100 for 5 minutes 200 ng/mL of Pl and 200 pg/mL of RNase A (both from Sigma)

at room temperaturg, and bloc_ked in 100 pL of PBS containing 3%resuspended in 100 WL of PBS, and then attached to aLplylsine
(wt/vol) nonfat dry milk for 30 minutes at room temperature. To detect ;o514 slide glass. The coverslip was mounted with 10 pL of antifading
topo lla and 11, cells were incubated with a 1:30 dilution of 8D2 and ,ix (50% glycerol, 2.5% 1,4-diazabicyclo[2.2.2]octane [DABCO] in
5A7, respectively, in PBS with 3% nonfat milk for 1.5 hours at room PBS) and sealed with nail polish. The slides were viewed and

temperature. In some cases, 3G3 was used to detect ppwstead of  photographed through a Bio-Rad MRC-1024 confocal laser scanning
5A7. Cells were washed twice in PBS containing 0.1% Triton X-100 microscope (Bio-Rad, Hercules, CA).

and then incubated in a 1:30 dilution of a fluorescein isothiocyanate
(FITC)-conjugated goat-antimouse 1gG (Ortho, Raritan, NJ) in PBS/3% RESULTS
milk solution for 1 hour at room temperature in the dark.

TUNEL assay. After rehydration in PBS, cells were resuspended in ~ The cellular contents of topoisomerase: land 113 were
50 pL of a cacodylate buffer containing 0.2 mol/L potassium cacodylate Studied using monoclonal antibodies 8D2 and 5A7. Specificities
25 mmol/L Tris-HCI (pH 6.6), 2.5 mmol/L CoGl0.25 mg/mL bovine  of 8D2 to topo Ik and 5A7 to topo IB were shown previ-
serum albumin, 5 U TdT, and 0.5 nmol of biotin-dUTP (all reagents ously?223 Two-dimensional flow cytometric analysis of cells
were purchased from Boehringer Mannheim, Indianapolis, IN). Thejndirectly fluorescein-labeled for topodlor 1l and then
cells were incubated in this solution at 37°C for 30 minutes; rinsed inconterstained with PI made it possible to quantify the amounts
PBS; resuspended in 100 pL of a solution containirgebneentrated ¢y 114, or 118 and relate them to cellular DNA content, ie, to
saline-sodium citrate buffer, 2.5 pg/mL fluoresceinated avidin (Boeh—the cell cycle position. The DNA content histogram of logarith-

ringer Mannheim), 0.1% Triton X-100, and 5% (wt/vol) nonfat dry . I ina HL-60 cell tains t ks al d
milk; and incubated in this solution for 30 minutes at room temperaturernlca Yy growing HL-6U cells contains two peaks. a largeé an

in the dark. This procedure essentially followed the previous report bySharP peak at G1 and the other small one at G2/M (Fig 1A). S

Gorczyca et ap* phase cells distribute between these peaks forming a bridge
Flow cytometry. After incubation in staining buffer, the cells were Shape. The cellular concentration of topa Ihcreases during

rinsed in PBS containing 0.1% Triton X-100 and resuspended in 1 mLthe cell cycle progression and a steep increase is prominent

Monoclonal antibodies. Preparations of topo d-specific antibody
8D2 and topo IB-specific antibodies 5A7 and 3G3 were described
previously?233 The epitope of 8D2 exists between amino acids 1260
and 1460 of topo b. The epitopes of 5A7 and 3G3 are located in amino
acids 1583 to 1601 and between amino acids 1260 and 1460 of fapo Il
respectively.

Cell culture and drug treatment.The HL-60 human myeloid
leukemia cell line was maintained in RPMI 1640 (GIBCO BRL, Grand
Island, NY) supplemented with 10% fetal calf serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 2 mmollglutamine. The
cells were split to keep the cell density at210P to 1 X 1P cells/mL.

To induce cell differentiation, HL-60 cells were treated with 1 umol/L
of all-transretinoic acid (ATRA; Sigma, St Louis, MO) for 6 days. Cell
density was kept at X 1P to 1 X 1P cells/mL during the treatment.
Logarithmically growing HL-60 cells were treated for the indicated
times with cytosine Im-arabinofuranose (Ara-C; 4 umol/L), etoposide
(200 pmol/L), or vincristine (0.2 pmol/L) (all reagents were purchased
from Sigma).
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Fig 1. Alterations in topo lla and 1Ig levels in L 600 E
logarithmically growing HL-60 cells as a function of E 450
DNA content, ie, the cell cycle position. (A) DNA =]
histogram showing the cell cycle distribution of Z 300
logarithmically growing HL-60 cells. (B and C) Two- —
dimensional flow cytometric analyses of DNA con- T) 150
tent and topo lla and 11 signals, respectively. Isotype- 0 Q o

matched negative controls are depicted as contour 0 50 100150 200250 0 S0 100150 200250

maps. (D and E) Histograms of topo lle and I

contents, respectively. Isotype-matched control fluo- DNA Content TOpO II B

rescence curves are the most proximal to the Y-axis.

from late S to G2/M phases (Fig 1B). In G1 phase, topo Il cell population belonging to S and G2/M phases gradually
content varies from almost zero to somewhat larger than that oflecreased, and only a small portion of the cells were found in S
early S phase. On the contrary, topp level slightly increases phase at day 6 (Fig 2A through D). By day 2, the amount of topo
in G1 phase and thereafter is not significantly altered throughl « as a function of cell cycle position showed similar pattern to
the cell cycle (Fig 1C). Although the topddiisignal appears to that of the nontreated cells, although the topa Bignal
increase even during the S phase, subtraction of the nonspecifitecreased slightly (Fig 2E and F). At day 4, a large portion of
binding fluorescence of an isotype-matched control antibodythe cells were confined to G1 and a considerable part of these
indicates that the topoplcontent is almost constant. When we G1 cells no longer expressed topa Bnzyme (Fig 2C and G). A
compare the single parameter histograms of the two topo Ihew cell population that belongs to G2/M phase and simulta-
enzymes, the range of distribution for topa Bignal was much  neously contains almost no topalappeared at this stage, and
wider than that of topo B, although these histograms peak at this cell group became more prominent at day 6 (Fig 2G and H).
almost the same signal intensity (Fig 1D and E). These result8ecause a portion of the GO/G1 cells had a relatively high level
were representative of five similar experiments. of topo lla signal, as shown in Fig 2H, if the G2/M population
Two-dimensional flow cytometric analysis on differentiating were constituted of the clumped G0/G1 cells, some cells of this
HL-60 cells showed alterations in the cell cycle distribution and population should also contain a high level of tope #ignal.
changes in topo d and II3 levels at each cell cycle position. Actually, even when we increased the detection gain or the
We induced differentiation of HL-60 cells with the addition of 1 numbers of cells analyzed, the G2/M population in Fig 2H
pmol/L of ATRA to the culture medium for 6 days. More than showed no upward tail, which corresponds to a cell group
90% of the cells were confirmed to express CD11b on the celtontaining a rather high level of topodlisignal. Furthermore,
surface by day 4 (data not shown). During differentiation, thewe clearly detected this G2/M cell population by two-

20z dunf g0 uo 3sanb Aq pd'20%1/1L9261 7 L/L0¥ |/¥/16/4pd-BloE/PO0|q AU SUOHEDIIgNdYSE//:d}Y WOy papeojumog



1410

2000

1600

1200

800

400

250
200
150
100

50

250

200 I

150

100

0 6 50 700150 200250

Topo IIf Topo Ila Cell Number

oo

0 50 100150 200250

0 50 100150 200250

DNA Content

0 5D 100150 200250

0 50 100150 200250

s 1000
= 800 N O
E 600
Z 400
= 200
-]
Q DU 50 100150 200250 0 5D 100150 200250 0 S0 100150 200250
*
Topoisomerase I1a
s 1000
£ 800 Q S
5 600
.4 400
—1 200
D
U 005 100150 200250 0 50 100150 200250 0 50 100150 200250

Topoisomerase 113

0 50 100150 200250

SUGIMOTO ET AL

Fig2. Topo llalevel decreases
dramatically and a new G2/M
cell population expressing al-
most no topo lla emerges during
the ATRA-induced differentia-
tion. Logarithmically growing
HL-60 cells are treated with 1
prmol/L of ATRA, before the treat-
ment (A, E, I, M, and Q), for 2
days (B, F, J, N, and R), for 4 days
(C, G, K, O, and S), and for 6 days
(D, H, L, P and T). DNA histo-
grams with insets showing the
percentage of cells in each phase
of the cell cycle (A through D).
Two-dimensional flow cytomet-
ric analyses of DNA contents and
topo lla and I1B signals (E through
H and | through L, respectively).
Histograms of topo lle and I
contents (M through P and Q
through T, respectively).

dimensional flow cytometry still after the gating to eliminate the (Fig 2M through P). Topo B level was not so much altered
clumped GO/G1 cells. In contrast with topax/lthe signal of  during differentiation (Fig 2Q through T). Similar results were
topo 113 decreased a little at day 2 and essentially kept this levebbserved in three independent studies.

until day 6 (Fig 21 through L). At days 4 and 6, there appeared a We next examined topodland I levels and related them
sub-G1 population that contained almost no tofo(Rig 2K, L, with the cell cycle position in apoptotic HL-60 cells treated with
S, and T). The results of TUNEL assay suggested that these cellntitumor drugs. The extent of DNA strand breaks, one of the
were apoptotic (data not shown), which agrees with the resulthallmarks of apoptosis, was also correlated to the cell cycle
described below showing that 5A7 epitope of top® $pecifi- position using the TUNEL assay combined with PI staining. We
cally decreases during apoptosis. The single-parameter histatsed three antitumor drugs with different mechanisms of action:
grams confirmed that topodllevel decreased steeply and the pyrimidine analogue antimetabolite Ara-C, topo Il inhibitor
peak shifted to the position of almost no tope Hignal atday 4  etoposide, and vinca alkaloid antimitotic agent vincrisife.
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Based on the results of previous repditd,we experimentally  cell cycle (Fig 3G). Only part of the G1 cells contained a normal
determined the doses of Ara-C (4 umol/L) and etoposide (10Gamount of topo IB and all of the remaining cells had a
pmol/L) that induce apoptosis in 50% to 80% of rapidly decreased topoflsignal (Fig 3K). TUNEL assay showed that
growing HL-60 cells in 6 to 8 hours (data not shown). Measuredonly a portion of G1 cells were free from apoptosis (Fig 30).
as an apoptotic cell percentage, 0.05 umol/L of vincristine hadTherefore, a decrease of the top@® Isignal also seemed to
essentially the same effect as that of 4 umol/L (data not shown)correlate with apoptosis in etoposide-treated HL-60 cells.
We therefore treated HL-60 cells with 0.2 umol/L of vincristine.  Treatment with vincristine confined HL-60 cells to late S and
At this concentration, it took about 18 hours to induce apoptosisG2/M phases (Fig 3D). As a result, most of the cells expressed a
in more than 50% of the treated cells. higher level of topo kk than normal control (Fig 3H). As for
With the Ara-C treatment, the G2/M peak disappeared and dopo I8, these cells were divided into two populations with
small peak at sub-G1 position emerged (Fig 3B). As a functionintact and decreased enzyme levels (Fig 3L). Both apoptotic and
of the cell cycle position, the topodllevel decreased a little in  nonapoptotic cells were in late S to G2/M phases (Fig 3P).
these cells (Fig 3F). On the contrary, Ara-C—treated cells were To address the possible relationship between topddvel
divided into two populations with nearly normal and very small and apoptosis more directly, cells were labeled by the TUNEL
topo 1IB contents (Fig 3J). TUNEL-positive cells were distrib- assay, stained for topodlor topo 13, and then analyzed by
uted in sub-G1 to S phases, suggesting a partial loss of DNAwo-dimensional flow cytometry. In Ara-C—treated HL-60 cells,
stainability in apoptotic cells (Fig 3N). Most of the nonapo- a large portion of the apoptotic cells contained approximately
ptotic cells were restricted in G1 phase. Comparison betweethe same amount of topadlas the nonapoptotic ones (Fig 4B).
Fig 3J and N suggests a possibility that the tog® signal  On the contrary, the apoptotic cells apparently contained less
should decrease specifically in apoptotic cells. topo 118, with apoptotic and nonapoptotic populations essen-
Etoposide-treated cells also lost the G2/M population and theially nonoverlapping as for the topodllevel (Fig 4F). When
G1 peak had a broader shoulder at sub-G1 side (Fig 3C). Theve used etoposide, the apoptotic and nonapoptotic HL-60 cells
topo lla level was somewhat decreased at any position in theexpressed almost equal amounts of topo(Rig 4C). However,
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4uM; 8hr 100uM; 6hr  0.2uM; 18hr
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Fig 3. Antitumor drugs alter
the cell cycle distribution and 10°
topo lla and I contents of HL-60 ; M N O P
cells. DNA histograms (A through 102
D), two-dimensional flow cyto- Z . g
metric analyses of DNA-topo lla D 10! W‘ w
contents (E through H), DNA- H ) )
topo 1l contents (I through L), 10 S5 TaOTED 236230 0 50 mg;o 200250 ﬁo’T‘ootsn 200250 0 50 100150 200250

and DNA content-TUNEL assay
(M through P) of control and

Ara-C-, etoposide-, and vincris- DNA C
tine-treated HL-60 cells. Ontent
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Ara-C Etoposide Vincristine
Control 4uM; Shr 100puM; 6hr  0.2uM; 18hr

'J 10° A D
% 1o . —— " o— ‘W % Gerisl -
10" 656 160150 200250 0 50 100150 200250 6 50 100150 200250 0 50 100150 200250

Topoisomerase Ila

- 10 E F G H

E 10 ﬁ :

g .

i i ot -J. w‘ Fig 4. Topo lIB but not topo lla signal decreases
10 56160150 200280 0 50 160750 200280 0 50 160150 200380 o 50 700150 200230  specifically in apoptotic HL-60 cells treated with

antitumor drugs. Two-dimensional flow cytometric

J analyses of topo lla and II contents and TUNEL
TOpOlsomerase IIB assay (A through D and E through H, respectively).

the topo IB level clearly separated these two populations (Figseparated rapidly growing and Ara-C—treated HL-60 cells into
4G). Also, in vincristine-treated cells, although the apoptoticcytoplasmic and nuclear fractions with 0.05% Triton X-100.
and nonapoptotic cells contained a similar level of tope Il Each fraction was then subjected to immunoblotting. In logarith-
they differed sharply in their content of top@I(Fig 4D and H).  mically growing HL-60 cells, both topo 4 and 13 were
Every result shown in Fig 3 and 4 was reproducively obtained indetected at their expected size (170 kD and 180 kD, respec-
at least three separate experiments. Because the three antituntimely) exclusively in the nuclear fraction (0 hours; Fig 6A, B,
drugs used in this study have apparently different mechanismand C). Although distribution of topo dl was completely

of action, these observations indicate that a decrease in the tomhanged from the nuclear to cytoplasmic fractions during the
IIB level is not a drug-specific event but a more generalcourse of apoptosis, a large portion of tope temained of its
phenomenon accompanying the drug-induced apoptosis.

Because we used the monoclonal antibody 5A7 specific tc Ara-C
the C-terminal portion of topo @ (amino acids 1583 to 1601) in
the experiments described above, we could not distinguish th ContrOl 4p,M; 8hr
two possibilities that the full molecule or only the N-terminal
portion of topo I3 was lost during apoptosis. To investigate this @2 250
guestion, we determined the top@ llevel of the Ara-C—treated ™= = 550 A B
HL-60 cells using a monoclonal antibody 3G3, which recog- ~ 150
nizes a more central epitope of top@ l{between amino acids © <
1260 and 1460) than that of 5A7. Flow cytometry using 5A7 as == Wy '°°
a primary antibody clearly separated Ara-C—treated HL-60 cells © ~ s ,3:.5 .
into two populations with almost normal and decreased levels o AP
of topo 1IB signal as shown above (Fig 5B). On the contrary,
3G3 did not discriminate between the apoptotic and nonapop 250
totic cells, both of which showed an almost normal level of tOPO sy = C D
IIB signal (Fig 5D). Similar results were obtained in three M= ey 200
independent experiments. Etoposide-treated HL-60 cells als U 150
divided into apoptotic and nonapoptotic populations by 5A7 but Q. e 100
not by 3G3 (data not shown). These results indicate thatthe 5A° @& ~— ﬁ
epitope at the C-terminal portion of top@lshould be degraded H 50 T
or modified during apoptosis, although a more central 3G3 0 656100150 200250 0O 50 100150 200250
epitope of topo IB was preserved.
We then investigated possible cleavages of topaaid 113
during apoptosis by Western blot analysis using 8D2 and DNA Content

5A7/3G3, respectively. The flow cytometric TUNEL analysis

showed that approximately 50% of HL-60 cells underwent Fig 5. 5A7 but not 3G3 separates apoptotic HL-60 cells from

apoptosis after 5 hours of incubation with 4 umol/L of Ara-C "onapoptotic ones. Two-dimensional flow cytometric analyses of
o DNA-topo I contents are performed on logarithmically growing (A

(data not shown). In 10 hours, more than 95% of the treateing c) and Ara-C-treated HL-60 cells (B and D) using topo lIB-specific

cells were positive for the TUNEL assay (data not shown). Wemonoclonal antibodies, 5A7 (A and B) and 3G3 (C and D).
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Fig6. Topo lIB but not topo lla is extensively degraded during the Ara-C-induced apoptosis. Western blot analyses of logarithmically growing
HL-60 cells (0 hours) and those treated with 4 pmol/L of Ara-C for 5 and 10 hours (5 and 10 hr, respectively) with topo lla-specific 8D2 (A) and topo
1IB-specific 5A7 and 3G3 monoclonal antibodies (B and C, respectively).

original size even in apoptotic cells (Fig 6A). Only a small them with confocal laser microscopy (Fig 7). Topa-pecific
amount of degraded topodIfragments were detected in the 8D2 and topo IB-specific 3G3 signals are visualized as green
cytoplasmic fraction of the apoptotic cells. When we used 5A7color and Pl counterstained DNA red. In logarithmically
to detect topo I8, the 180-kD band in the nuclear fraction growing cells, topo k and II3 were localized in the nucleus
became faint in 5 hours and no bands were detected in either trghowing a fine granular pattern except for the nucleoli (Fig 7A
cytoplasmic or nuclear fraction after 10 hours of incubation (Figand C, respectively). Both topo Il enzymes were distributed
6B). Another topo IB-specific antibody 3G3 showed the throughout the cell during mitosis (Fig 7A and D). Only topo
appearance of several smaller fragments of 125 to 160 kD in thd « signal was concentrated in the mitotic chromosomes with
cytoplasmic fraction besides a proportional reduction in themerged intense yellow color. This observation was confirmed
amount of the 180-kD band in the nuclear fraction after 5 hoursby the comparison of topodlsignals in the chromosomes and
of Ara-C treatment (0 and 5 hours; Fig 6C). The smallerin the mitotic cytoplasm (data not shown). When we stained
fragments in the cytoplasmic fraction became more prominentL-60 cells treated with Ara-C for 5 hours, some nuclei showed
and the intact 180-kD band disappeared in 10 hours (10 hoursshromatin condensation at the nuclear periphery and others
Fig 6C), indicating that topo @ was completely degraded into showed a typical apoptotic pattern with discrete apoptotic
these smaller fragments. Essentially the same results weneodies. Topo k signal was dissociated from the chromatin at
obtained in three independent experiments and also in etoposiden early phase of apoptosis and completely separated from the
treated cells with a slightly shorter time course (about 7 to 8bright red signal of DNA in an advanced stage (Fig 7B, upper
hours for complete apoptosis; data not shown). These resultand lower cells, respectively). Topopllwas also segregated
confirmed that the C-terminal 5A7 epitope is lost and a morefrom the chromatin even at an early stage of apoptosis (Fig 7E).
central 3G3 epitope is preserved in the apoptotically degraded’hese results were representative of three independent experi-
topo 1B fragments. The Western blot analysis thus shows that anents conducted under similar conditions.
large portion of topo k remains of its original size even in
apoptotic HL-60 cells, although intact top@lis lost at an early DISCUSSION
phase of apoptosis. In this study, we showed temporal and spatial changes in topo
Topo lla and 1B (fragments) moved completely from the lla and I3 distributions in proliferating, differentiated, and
nuclear to cytoplasmic fractions in apoptotic cells. Because thepoptotic HL-60 cells using two-dimensional flow cytometry,
fractionation procedure was biochemical, the change in théVestern blot analysis, and confocal laser microscopy. At first,
distribution of topo Il enzymes may have merely reflected awe related topo t and I3 levels with the cell cycle position in
collapse of nuclear integrity. To investigate a probable change inogarithmically growing HL-60 cells. Although a previous
the cellular localization of topo & and I3 during apoptosis  study determined the contents of topa Hnd 13 in synchro-
more directly, we immunostained intact and Ara-C-treatednized cells at 2-hour intervals for a total of 28 hours, the cells
apoptotic HL-60 cells using 8D2 and 3G3 and then examinedvere not so well restricted to narrow positions in the cell cycle,
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Fig 7. Topo lle and II are dissociated from the chromatin during apoptosis. Logarithmically growing (A, C, and D) and apoptotic HL-60 cells
treated with Ara-C for 5 hours (B and E) are immunostained with topo lla-specific 8D2 (A and B) and topo lIB-specific 3G3 monoclonal antibodies
(C through E). Topo lle and 118 signals are green arising from the FITC-conjugated secondary antibody, and Pl counterstaining for DNA is red.

especially several hours after the release from serum starvahowed that topo B band intensity increases only from G1to S
tion.18 Treatment such as serum starvation might also influencehases and thereafter is not significantly altéfethis agrees
the cell viability or topo 1l levels. Another study, in which cell well with our observation that the topoplicontent is almost
size was regarded to reflect the cell cycle position, fractionatedonstant after G1 phase. We suppose that the tgpodhtent

an asynchronous cell population by centrifugal elutriation anddecreases to 50% after cell division and returns to the previous
then measured the topaxlevel of each fractioA? We believe  level during G1 phase.

that the two-dimensional flow cytometry determines topo Il Two-dimensional flow cytometry showed the appearance of a
and I3 levels more precisely as functions of the cell cycle new cell population containing tetraploid DNA and essentially
position. Our results clearly showed the steep increase of topao topo Ik during differentiation. Because microscopic exami-
lla level in late S to G2/M phases, which correlates well with nation confirmed that less than 0.3% of the cells were in mitosis
the known topo Il function in chromosome condensation andat day 6 of the ATRA treatment (data not shown), the new
segregatiort:* Some of the G1 cells expressed a larger amountpopulation should be in G2 phase. This cell group was not
of topo Il than the early S cells. This observation supports thedetected in logarithmically growing cells. These G2 cells are
previous hypothesis that topoallshould be degraded from presumed to be noncycling and alive for the following reasons.
anaphase to early G1 phase until the topo IBvel becomes First, they do not seem to proceed along the cell cycle further,
quite low!®22 Although both topo kk and I3 antigens were because a sizable amount of topa lis necessary for the
recently reported to be twofold to threefold higher in mitosis initiation of chromatin condensation in early M phdse.
than in interphase, careful examination of the report’s dataSecond, this population increased in cell number from day 4 to
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day 6 of the ATRA treatment, although the cell influx from the S the nuclear fraction and dissociated from the chromatin in
phase must have decreased. This indicates that these cells reafipoptotic HL-60 cells. This suggests the possible cause-and-
stayed at the same stage in the cell cycle. Third, the results froreffect relationship between the two events. Indeed, some reports
the TUNEL assay on the same differentiated HL-60 samplesndicate that the C-terminal domain itself or its phosphorylation
showed that the apoptotic population was small and restricted tés important for the stability of topo 1I-DNA interactiof:*4
the sub-G1 position (data not shown). We therefore believe thafopo lla was also dissociated from the chromatin at an early
the two-dimensional analysis of our system first clearly detectecphase of apoptosis, although a large portion of the enzyme
a G2-arrested nonapoptotic population during the course ofeemed intact, at least by Western blot analysis. This observa-
differentiation. Because G2 arrest has mainly been studied ast#on suggests that alternative mechanisms might be operating to
cellular response to DNA damagglittle is known about the release topo & and maybe also topo@lfrom the chromatin.
differentiation-induced G2 arrest. Apigenin, a flavone, wasSeveral nuclear proteins, including nuclear lamin, PARP, and
reported to cause both G2 arrest and morphologic differentiabDNA-PKcs, are inactivated by the degradation of their catalytic
tion in rat neuronal cell® Another report showed that even sites during apoptosis. Topalland I3 are unique in that not
irradiation-induced G2 arrest leads to light chain gene the apoptotic proteolysis of their catalytic sites, which reside in
expression, a sign of differentiation, in 702/3 pre-B—cell Hhe. the first 1,400 amino acid€ but their release from the
Therefore, G2 arrest seems to induce differentiation in somehromatin abolishes the topo Il enzyme activity during apopto-
kinds of cells. Because ATRA does not directly block G2/M sis.
transition, our result indicates that cell differentiation itself Confocal microscopic study confirmed topaxlland I3
induces G2 arrest. It seems interesting to determine whethetistribution in the nucleus except the nucleoli during interphase
differentiation-induced G2 arrest is a general phenomenon. Cebf growing HL-60 cells. In mitotic HL-60 cells, both topo Il
growth and differentiation are tightly coupled in hematopoietic isozymes were distributed throughout the cells and topo I
cells of myeloid lineage, and the half-life of peripheral granulo- signal was densely concentrated in the chromosomes, which
cytes is only a few day® ATRA treatment induces differentia- coincides well with the notion that at least topa I not only a
tion and subsequent spontaneous cell death even in acuteecessary enzyme for the chromatin condensation but also a
promyelocytic leukemia (APL) cell®. Because G2-arrested structural component of the mitotic chromosorte¥. Our
HL-60 cells are terminally differentiated, they are supposed toobservation agrees with a recent report on the point that t@o Il
undergo apoptosis in a few days. is not preferentially localized in the nucled$i Although the
Two-dimensional flow cytometric analysis of top@Istain-  report further indicated that topoflis completely excluded
ing (5A7 or 3G3) and TUNEL assay indicated that only the from the chromosomes during mitosis, we detected togo I
C-terminal portion but not the entire molecule of top@® Il signal not only in the mitotic cytoplasm but also in the
should be degraded in apoptotic cells. Western blot analysis othromosomes. Monoclonal antibody 5A7 besides 3G3 con-
Ara-C—treated HL-60 cells using 3G3 clearly showed thefirmed that a portion of topo @ is localized in the mitotic
proteolytic cleavage of topoplduring apoptosis. Comparison chromosomes (data not shown). Top@ Has furthermore been
of the 5A7 and 3G3 blots confirms that the cleaved tofo Il shown to be present in the isolated chromosomes, albeit in
fragments retained a central portion but lost the C-terminal 5A7smaller quantities than topodI*” We believe that topo f is at
epitope. On the contrary, a large portion of topo iéemained of  least partially distributed in the mitotic chromosomes. In
its original size even in an advanced stage of apoptosis. Thé&ra-C—treated HL-60 cells, topodland II3 were dissociated
consistency between the results of flow cytometric analysis androm the chromatin even at an early phase of apoptosis and were
Western blotting argues against a possibility that changes icompletely excluded from the condensed apoptotic bodies.
chromatin structure and topo Il conformation during apoptosisThese observations indicate that dramatic chromatin condensa-
could affect the topo # and I3 stainabilities in the flow tion during apoptosis is entirely topo ll-independent. An
cytometric analysis. A previous report showed degradation ofssential difference must therefore exist between mitotic and
topo Il enzymes during CD95 (Fas/APO-1) -mediated T-cell apoptotic chromatin condensation.
apoptosis using a rabbit antibody reactive to both isofc¥s. Differentiation and apoptosis are the two principal cell fates
closer look at its data shows that top@ Hisappears at an early that follow proliferation after cells exit from the cell cycle.
phase of apoptosis and that tope femained at its original size  Using the HL-60 human leukemia cell line as a model, we have
even in the advanced stage, although its band became rathehown the specific loss of topadduring differentiation and the
faint. The sizes of the topo Il degradation products in this reportdegradation of topo i even at an early phase of apoptosis. We
were very similar to those of topogdlfragments detected in our believe that this study has clarified the different behavior of two
study. Another report showed a relatively earlier loss of tofo Il topo |l isozymes. As previously propos&®! our results
than topo Ik during drug-induced apoptosis in HL-60 and suggest that topodl plays an essential role in cell proliferation,
KG1A, although topo Il degradates were not deteéiethere-  especially during late S to M phases. In contrast, topanight
fore, we believe that degradation of top@ but not of topo It be necessary for cell survival because it exists at a substantial
is a specific and relatively early event in the drug-inducedlevel even in the differentiated cells and is degraded early and
apoptosis. specifically during apoptosis. Because hematologic malignan-
Both topo lke and 113 were dissociated from the chromatin at cies are currently treated by inducing apoptosis or differentia-
an early phase of apoptosis and completely separated from th@n, monitoring the topo & and I3 levels in human leukemia
genomic DNA in an advanced stage. The degraded topo Il samples may be useful to evaluate the effects of cytotoxic and
fragments, which lost the C-terminal portion, specifically left differentiation therapies.
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